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Bo undarylaLyerhas aditlr n alv ariatio n ofte mpera-ttLre ne arthegrotnd with th ickn ess v aria[tio m r a nging丘o m
h ndteds ofm etersto afe wkilo m eters. T hedyn amics Qfthislayerca皿 re VCalthetraLPpedpolhtaJltS relatedto
atm o spher e, c山n ate, a nd ltl n an aCd vi ties n q血a n ar eas Of a city. In this pape r, w eprese nt thc 血sttim e a
co mprehen siv e re 馳1t ofta ckingtubanplanetaryboundaJYlayerof Ho ng Kong(22 3 N, 114.7E). T he d aily
a nd s easo n al v ariation s ofthe mixing depth in the plan etarylayer o v er lqb an areasin Ko wlo o nha[v ebeen
iⅡv estigz[ted using agrot ndJba5 eLi dar statio n sitt uted in the CityUniv ersity ofliongKongto m o nitor rehtIVe
aeros olco n c entratio n･ T he relatio n shipsbetw ee nthe a eros olpro丘1e, which is us edto es也m ate thedepthof the
mixing layer, a nd the virtualpotentialte mperatt m as w ellas reladv eht mi dib, are e xamined. The Lidar
obs eIV atio n s a nd the radioso 皿de 血ta obtaln ed 丘o mtheloc alm eteo rolgicalstatio n arein clos e agre e meJlt.
1. 耶 T ROD tJ C T 10 N
In apoptlaLted city, a er o s ol are m ainlyfo rm edby su spe nded parti 血Ia土esin the air. h particular, dust
pa rticles of lessthan 10ドm in diam eterare easilyinhaled and u nhealthyto peoplc wi thasthm atics a nd heart
proble m s･ T herefor e･ a e
.
r os olchara cteristlCSinthelo w ertropospher e ofa ciybe com e o n e of the sign姐c ant
atm osphericpa n n et rs m eEviroI 皿 ental m o nltOring･ The 虹 m ospheric echointe nsityin thelo w ertroposphere
is m ainly the aeros ol
'
s back-s e a-ttered inten s吋 wldch c anin blrn appro xim ately repres e nt the aeros ol
dist)ibtlt10n S･ llo ng KoTLg is a city fu llof er[viro n m ental a nd geogr aphical co mplexiりr. T he ess erLtial
ge ography of the cib' c ozISists ofa nisland(甘o ng So nglsland)ten lnileswi de, standing oぼ the s ol血 e m edge
ofa r aggedpenin s ula 匹 o wlo on)tofor m alo ngshelter由 harborin the strait wi thse v eralde v eloping satellite
to Ⅷ in the Ne wTer ntories c o血lectingthe m a1nla nd Chin a･ Urba n a m as arechara cteris ed by a un 1qtLe Setting
: situ ated o nllillsides a nd 血cingthe se a; mixttq e oftn a nys吋scrapers a nd clu stersd reside ntialqtLarterSwith
the w orld's m o stpopula[tedaqe as wheretrafBcis slo w an o ng m aJly n m W Stre ets. Beca us etllelnte m atio nal
K ai Tak A irportislo cated in the Ko wlo o npeminsula, thebtl町 air traiBc als oBTeqtlCntly perttubs a ndpolltlteS
thelo w ert opo sphere of Eo ng Ko ng.
Understandingthe patterns of mix ed l野erdepthv ariatlOn in the pla n etary bo undarylayer(P B L), where
m ost of the air polhltio n o ccurs, will impro v e otF abilityto fore castpolhltio n ev ents. Ma qsiket al. (1995)
iⅡv estigaLted the dit m alcycle of the 中ixingdq)th by sev eralr e m ote s e nsiJlgte chniqu es a nd sug gested that
difFereIltC Olle ctingsyste m s should be tLSed in orderto glV e a m oreP cise m ea sur e ment･ T bey als opointedo ut
thatit w asdifBc ult to dete min ethe min ng depthillthelate aBe rn oo nperiod whe n str ong co nvectiv e clotlds
dev eloped･ The ditrrn alv ariatio n Of m 出 ng depth is o nly a short-te r m char acterisdc of the mixed hyer･ Ⅰ皿
orderto studythe lollg-te rT npattern s Of its v ariado n, the s eas on al behavior of thes epaLtte rnS Shod dalsobe
ex amin ed･ W hile sllChsttldieshaLV ebee n m adein m a ny Plac esPadilla etal. 19 3, Gla5eretal. 1 993, Cooper
and En chinger1994, etc･)these_
灯 e as are m ostly at the higherlatittldes. Hong Kong is situ ated at the
subtr opicalregion s othaLta Study of its mo nthly v ariation ofthe mi migdepthm ayhelptolea mthe s eas on al
behavio r ofthe tLrbanPBL in thelo werlaLtitudes･ h th ispaper, w eprese ntthe丘rst tim e a co mpreheTu;iv eresult
oftracking ufban P B Lof Eons Kong(22･3N, I14･7E)･ T hedaly a･Ldse as onalv a n ado ns ofthe mixingdepth
in the plan etarylayer o verud)an a m asin Kowio onhav ebe enin v estigatedtlSing a gr ou nd･baseLidar statio n
situated inthe CityUniv ersi勺′ of Ho ng Ko nsto monitor r eladv e aerosolco n centration. In additio n, Sin ce cold
舟o nts o c cnrqdte o丑enin the winter s eas onin Ho ng Ko ng, the v aJiatio n sof the mixlng depth iTI StlCh
m ete orolgicalev e nts are als o studied a nd wi ll bepresentedseparately.
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2. TT E LI D A R A E R O S OL A fON IT O R NG S P 宜C IFICS
h FonB Ko ng, thefirstN d=Y A G baB edlidar w as established in 1996atthe CityU hiv er軸 of Hong Ko ng
andc o m m en ced its aeros olm o nito ringinthe mi ddle of 196･ T he Lidar町Ste ndev elopedPcu ngetal. , 1994)
bythe Li dargro up ofthe C吋 Univ ersiq of Ho ngKong･lo catedontop ofthetal lestumiversityb ddinghotLSed
in a n obs ervat10nal do m e･ Bec au seof its relativdystrategicloc atio n(58孤 abov e s.
e ale veland ne ar s o m e of
thebusiest trafBc cltd ers), the Li da T Ca nse anthelo w er atm osphereofKodo o n血 2Ln areashoriz ontally as
wellas v ertical ly･ Me astlre m entS W ere m血1y perfor med dtdngthe daytime. The Lidartra n smitteris a
N d:Y A G laser which is doubledto 532nm withpdses of 10ns ata repetidon rz(te of 1 0 I‡z. The sc am-r ateis
2･degreeper sect Data acqllisitio n rate is 2 5M 取 i.e･ , o n edata point per61 m eter. The a d og signals
c ollectedby a high-ga血 photo m ultiplier are digi 血ed using a n8-bit AIDco n vert a 血血stored in aPenti um _
Pr oPC co mputer readyfo rd ぬ pro cessing. A sche m atic diagraJtlOfthe Li dar system is sho wnin Fig.1.
Theback-s c atteredsignals c
.
a nbedisplayed in thefor m ofaer osolinte nsityaRerm akug m mge a ndpdse-
e n e rw correction s･ a s w eu asnois e-r edu ctio npro cesslng･ The calc ulation of the aeros ole血 nction c oe缶 cieL(tS
w asbased OJIKlett
'
s m ethod(19SO) ofs olving the Li daL equ ation. Ass u m ethat the ,ad. ofthe a er os.1
exb ction co efBcie nt a nd tlleback-s c atter co SBicie ntis independe nt of the spatialpar ameter, the nK lett
,
s
s oltltio nftlr the a er osolextiJICdo n coe缶cientsis :
Rh,
G(R)- e xp(S - Sm)/I(1/oTm)･ 2J叩(S - Sn 岬 l] (I)
R
where c'畔)is the extin ctio皿 CO e琉cie ntaLLd S≡ S(R)≡ln択2p畔)1wi th P仲)tobe thc 皿Or malized Lase , e ch.
signal and R
2 pp ), thei - 1SiQ,; Sm ≡ SOtn)and ロn = Cr 恥)with Rm a sthe mmitoring radlge Of interest.
Forilltwtratio n
,
typicalsignalpr oc essiJlg PrO丘Ies ar edepicted in Fig･2 .
To perform thetr acki喝 OftheP B L in urban - a of Bo ng Ko ng' we u s ethefouo w ITLg StJ3tegy in Lidar
m o nito血 gofaeros ol dynamic s･ Cooper and En chinger(1 9 94)ha ve used verdcals c anto observ eth9Str ucture
oftheP B Land estimaLte 也e mixed layerdepth ov erMe xicoCity･ F血 th1S W Ork, w ehav e u鋸dbothv erdcal
and azim tlth als ca nJm g arr ange m entS･ T he v ertlCalsc an appe ars as awedge-shaped angl6 wi th the 組 n
directio nbeing perpe ndiculartothegrot nd andthelidaris at the aLPe X Ofthetn angle whilethe Earth
,
s s Ⅶ血 ce
isthebase･ A ro utin esc anmi71g ar r ange m e nt was m ade fro mlateSeptember1996to Ja n u ary1998withso m e
e xceptio nsdu eto w eather orinstn m eJltatio nproble m s･ To sttldythe dai lyv arlatioJIOf the P B L, daLta W ere
takenin ap pro 訂 m ately3 hours hterv al(i.e･ , 0800, 1100, 1400, 1700, a nd 2000 Lo cal Tim e)twic e aweek.
No n-ro utine m easu re m e nts w er ealso m ade based o n spe cialm eteoTOlogic al for ecast a n n otJJIC edby theloc al
meteor olgicalstatilo n. Fo r ex ample,in Ho ng Ko ng a cold 丘o ntalpassageis a c o m mo n 00 curre n ced 也 gthe
winterse as o n. Northedy winds ass ociated with su chpassage -Be n c arrylarge a n otln Ofpouutaz[ts 如 m
m ai nland Chin a･ The winds are also v ery stro ng and c on v ectiv e clods usd ly o c ctLrwi th heavier
precipitation. Allofthes e c an c au se n otlCeable changein aeros ol dyn amics nearthe sd a cea re a of the cibr.
We hav e atte mptedto m omito rP B Las m ar[y c old 丘ontal passages as allo w able. Su ch m easure m ents w er e
m 血e 加 m o n edaybeforeto o n eday afterthepass age ata3'-hold sinter val duringthedaytim e. An i11血 o n
ofthese m e astLre m e ntS willbeprese nted inthe fo 1low lng W Orkshop,
3･ TR A C E NG trR 8A N P)lL O F ErO N G S O N G 8 Y A ERO S O I. M O m O EェNG
a･ DL
'
u m alv cr)
l
aEiofZ Ofmixinglayerdepth
lthasbe ensho Ⅵ 1thatthe atm ospheric PB Lregioncallhav e a stratiBedstm cture which m ay respo ndto
surhceforclng wi tha tim e s cale ofabo ut one ho ur orless(Std l･ 1988)･ Forcing m ech ans m s m ayin clude
co ntdbtlt10 nS加 m 舟ictio nal fog' e vaporadon, tra m sportatLO n, heat tran sfer, polltltaLnt emission and other
unkn o w n atm osphericdyn amics･ An ex a mple ofthlS Strati Bedstru ctureis shown in Fig･ 3a, whichdlSPlays a
c onto 町 plot of the lidarba ckscaLttering c oefrlCients pro毛Ie at 1 9 50 L To nll Jantlary 1997. ThlSis the
averaglng result of 12 v ertic als can s如 m 2 7
8
to51o a zim uth
. M arked str atiRc adon c anbe fo1Jnd with in the
altitude raLnge Of400-1 800m, at the reglO n S Of 640-70 0m and 1100-1700m ･ Su ch clear stra也且ed stru cttrre
givesa go od descriptionofthe atm ospheric PB Lo v erI 血gKo ng. This stru ctureisin go od agre e m ent wi th
the resdtobtain ed 加 m the r adlOS O ndedata 伊ig･ 3b)I U皿derthe basic assu mpdo nthat thetop ofthe mied
hyeris l∝ 出 ed atthe position wherethe first sharpin cre asein virb alpote血 alte mper atur eis fou nd, the
mied layerdepth ca nbeidemi fied at620m al触 de, which istheheight where ahorlZO ntal bo u ndaryisfou nd
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in Fig. 3a･ T his co mpariso nde m o n stntesthat the ide a ofaLPPlying lidarto track the P B Lv la aerosol
ltlO nito rlnSis pr acdcal. In this w ork, w e u s ed the Li dar signalt6estim ate the mix
Jed hyerdepth wherethe
regio nhavinga stlddende creaseinbacks catteringinte nsib, which is co n sitent wi th Kaim al
'
s w o rk(I982).
A 呼pic al P B Lpatte m of thediu rnalv ariatiollin Hongko ngtra cked byLida r aero sol申gnalsis show nin
Fig. 4. T hetr acking w asperfor m ed o n16 De ce mber 1997starhg at SOO L T witha sh allo w mixed la[yer
dev eloping n e ar血e gr otlndasthe su rLlightbeganto w an -up thelo cal飢1血 ce･ T he mix ed laLyerdepthw as
estim ated to be 50 0m and then increased quickly to $00m at 14 0 0L T･ IJlthe early a触 m o o n, the depth
c on血11edtoin cre ase a ndr 飽 Ch its m axim uln Ofabotl1lo m ataro und 1700 L T･ AtthaLt也m e, a c applnglayer
stayed6n thetop of the mix ed lB[yer, a Jld the aeros ols w ere als o m llCh m ore co n c e17trated in thaLt regio n. The
mix ed layerdepthre m ain ed alm ostc o n sta nt ov erthe aRern o on･ W i也 thebegin ning Of the stLnS et, the miⅩed
la[yerdepth de ca;yeaquicklyto70 0m by 20 0 LT･
b. Se as oT7 aLv ariatE
'
o n ofmixinglayerdepth
ln co ntrast to the dit -alv ariatio n of mixed layerdepth･ the s e as o n alv riation m aybe dn v e nby along-
ter m weatherpatter nthat w arra nts a c o mparison to be m ade only betw e en m o nth ly data in stead･ The
following analysis is based onthe m e asurB m entS fro mthe hte a ntLl m n Of 1966(ea rly October)to the mi d-
winter of 1977(end of Jan u ary), T he m onthly av eraged dl u m alv ariatio n ofthe mixed layerdepthsho w sthat
the a v er age m由 d l野erdepth decre ase 丘o mthelate atLt m tO mi d
- winter(Fig･ 5) Su ch a patte m mainly
re mlts fro m thetherm al e nergye xchange betw ee nthe airin the miⅩed layer a nd the e arth s urfa ce. hllate
alltu m n, the temp 蜘 e a[tthe e arths 由 ceislligherthan that iT1winte r, a nd the sll m Ofthethe rmale n ergy
emittedfrom the e arth s d aceto dielo w ermiⅩedla;yeris als o m u ch larger. The entrain m ent z on e(E Z)m ay
ther efo re appear atahigheraltitude･ Another re aso m曲 ctingthe mixed hyerdepth isthediJrere Ⅱt aziTnuths
of the g ull 1n atltt m arLd winter. An an alysis ofthe■rate ofcha nge ofthe mix edl野 erdepth fo rthe three
n oⅡthsindica[testhaLt the mix ed layerdepthv a n es si mi lary. Illgen eral, in thelate m oming, the mix ed layer
depth in cre ases aLtthefastestrate of17-25m perhotq, andthe n colltim leSin creaslng atthe slo w er rate of5-13
m perho u r. The r ate ofcha且ge Of the mix ed lB[yerdepthrea chesits m axim t nin dlemi d- afte rn o on and
begin sto de cre ase. Atsl皿 Set tim e, itde cre as es at n earlythe s a m e rate of 3 7m perllOt n StlCh a periodic
pr operb,desc血 esthe n atu re of thcdev elopm e ntof izIV erSio ns. Table1 sq n m ariz estlle mix ed layerdepth for
thelate aftern o onfor aperiod of3 m onths. The seas o n alv ariation ofthe m aximllm mixed hyerdepthsho w s a
declimingtre nd of the mix ed hyerdepth wi thtim e(Fig･ 6)I
Tablel. Su n u n aryofthelate ab r noon mixedlayerdepthtracked byLidar aer osolm omitoring.
Date Se a so n Mix ed laver depLh(”)
12 0ct 1 996 Allttu n n 1400
19 0ct 1 996 Allttl m n 1300
2 6 0ct 196 Allttu n n . 1000
30 No v 19 6 Early winter 1300
05 Dec 1996 winter 700
14 Dec 1996 winter 1200
17 De c 1996 winter 1000
19 De c 19 96 winter 1200
30 De c 1996 winter 5 0 0
31 De c 1 996 winter 800
07 Ja皿 1 997 winter 900
09 Jan 1997 winte-r 600a nd lOOO
11 Jan 1 9 7 winter 700a nd 1200
a. Co mpariso nbetw e enthe radL
'
osonde data and h
'
dartracking u rbanP B L
To tmderstand the urban PBL stru cttu e, r adios o ndedata are oRe n usedtoide nti&the miⅩed layerdepth,
In otLr W Ork, c ompariso nsbetw ee nthe virtu alpote ntlalte mperature, r elativeh midiゆ, wind spe ed aJld lidar
backscaLttering data aT ealso m adeL Fr om the radiosonde data, the in v ersio n regi o n Ca nbe defin ed a5the
locaLtio n wher e a sharpin crea sein virtualpole ntia】te mper ature ordecr ea 紀in r elative humi dity丘rst oc ctlr S.
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b gen eral, itis d 此cult to ide nti&the 血 e stru cttm ofthelidar e血 1Cdo n c oefBcientpro蝕 dtletO its low
5ignalto n ois e 血 oin daytim etra cklnB･ Late
-aftern oo nLidardatais easierfor su ch co mparis o n.-Eo w ev er, a
qu alltativ e c ormitio n ofthe mied layerdepthcanbe realiz ed･ AnillustratedGO mPan S O nis sho wnin Fig･ 7.
4. C O N CLtlSIO N S
Altho ughthe report of the Lidar m e a sure rn ents aLld data an alysis ofurbanPBL of Eons Ko ng forth is
studyispteli min ary,thisis thefirst tim e a co mprehe nsiv e res.dtoftr ackiJlglUba nP BL oflio nB Ko ng(22.3N,
114･7E)for along-te r m obs erv atio n. tlong Ko ngis situated at the stlbtropicalregioJI S Othat a study of dlis
kl皿d m ay helptole a mthe se aso n al beh肝ior of ale nJもanP B L in 血elo w erlatitudes. The ditu TLalv ariation of
the mixed layerdepth hasbe en v eriBedtobe c o nsiste nt wi dlthe cll 狐geSin virhlalpote ntialte mperatt m Btnd
rehtive h mi dltyProvided by the r adios onde m e aslu e m e ntS･ Analyses of the se as o nalva riatlO n Ofthe miⅩed
l野erdepth basical1ydepends o nthe en ergye x changebetweezlthe e arthsllrface and the mix ed hyer. m e rate
ofchange ofthe mix ed layerdepthcha ngesfasterin the w adlTlerdaysthanin co olero n es･ The m Ⅸ ed layer
depthis mtlCh m ore stablein the mi d-aLte rn oo nthaJlin the m or nlng Or night 皿1ess rapidch皿ge Of w e ather
episodes o cc ur s u ch as a coldfro ntalpass age･ As a result, stlCh apropertyindic atesthe cappirlgin v ersionis
m ore stable at thetopofthe mixedlayerinthe mi d-aRerno o n aIldstlCh inv ersionsbe co m el ssacdv ein winter.
In addito n･ fr o m atltuJTLJltO winter, a decre asIZIBtre nd of the mked hyerdepth w asfouJld. To 血pr ov e otF
understandirLg Of the lnbanP B Lof Eons Kong･ furtherw o-良 n eeds to bepursq ed･ For e x a mple, w eplan to
obtain m oreLidardata duringthe co - ng spn ng a ndsu m m erwhich m ay pro vide furherinfo rm atio n ofthe
mix ed la;yerin the subtropicalregio n.
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